[1] Dissolved cobalt (dCo), iron (dFe) and aluminum (dAl) were determined in water column samples along a meridional transect ($31 N to 24 N) south of Bermuda in June 2008. A general north-to-south increase in surface concentrations of dFe (0.3-1.6 nM) and dAl (14-42 nM) was observed, suggesting that aerosol deposition is a significant source of dFe and dAl, whereas no clear trend was observed for near-surface dCo concentrations. Shipboard aerosol samples indicate fractional solubility values of 8-100% for aerosol Co, which are significantly higher than corresponding estimates of the solubility of aerosol Fe (0.44-45%). Hydrographic observations and analysis of time series rain samples from Bermuda indicate that wet deposition accounts for most (>80%) of the total aeolian flux of Co, and hence a significant proportion of the atmospheric input of dCo to our study region. Our aerosol data imply that the atmospheric input of dCo to the Sargasso Sea is modest, although this flux may be more significant in late summer. The water column dCo profiles reveal a vertical distribution that predominantly reflects 'nutrient-type' behavior, versus scavenged-type behavior for dAl, and a hybrid of nutrient-and scavenged-type behavior for dFe. Mesoscale eddies also appear to impact on the vertical distribution of dCo. The effects of biological removal of dCo from the upper water column were apparent as pronounced sub-surface minima (21 AE 4 pM dCo), coincident with maxima in Prochlorococcus abundance. These observations imply that Prochlorococcus plays a major role in removing dCo from the euphotic zone, and that the availability of dCo may regulate Prochlorococcus growth in the Sargasso Sea.
Introduction
[2] Cobalt (Co) is an important micronutrient for marine phytoplankton [Morel et al., 1994; Croft et al., 2005] . While it is widely accepted that iron (Fe) supply can limit phytoplankton growth over large areas of the surface ocean [e.g., Coale et al., 1996; Boyd et al., 2000] , there is increasing evidence to suggest that the availability of other trace elements such as Co may limit or co-limit algal growth in some oceanic regions . Indeed, a number of recent studies have recognized the importance and influence of Co on phytoplankton dynamics in the open ocean [e.g., Saito et al., , 2004 Saito et al., , 2005 Bertrand et al., 2007; Panzeca et al., 2008; .
[3] Cobalt is required for the synthesis of vitamin B 12 by marine prokaryotes. Vitamin B 12 is a cobalt-containing organometallic compound that is only produced by certain bacteria and archaea, hence eukaryotes must either acquire it from the environment, or follow metabolic pathways that do not require vitamin B 12 [Bertrand et al., 2007] . Cobalt is also a co-factor in the enzyme carbonic anhydrase (CA), which is required by marine phytoplankton for inorganic carbon acquisition [Lane and Morel, 2000] . Some eukaryotic phytoplankton are able to substitute Co or cadmium for zinc in CA, however some marine phytoplankton, such as the cyanobacteria Prochlorococcus and Synechococcus, have an absolute requirement for Co [Sunda and Huntsman, 1995; . Given that Prochlorochoccus is thought to be the most abundant marine autotroph and thus accounts for a significant proportion of global photosynthesis [Goericke and Welschmeyer, 1993; Campbell et al., 1994; Partensky et al., 1999] , there is a need to assess the potential role of Co in controlling the growth and distribution of this organism. In addition, there is emerging evidence that some forms of alkaline phosphatase (AP), a metalloenzyme that facilitates the acquisition of phosphorus (P) from the dissolved organic phosphorus (DOP) pool [Cembella et al., 1982] , may contain Co rather than Zn as a metal cofactor [Plocke et al., 1962; Gong et al., 2005] . Expression of AP is of particular importance in the North Atlantic Subtropical Gyre, where up to 30% of primary production may be supported by the DOP pool [Mather et al., 2008] . Jakuba et al. [2008] have also provided evidence for important linkages in the biogeochemical cycles of Co, Zn and P in the phosphorus-poor surface waters of the Sargasso Sea. At present, however, the biogeochemical cycling of Co and the extent to which this trace element may influence the phytoplankton community in the surface ocean are not well understood.
[4] Cobalt and Fe share similarities in their marine biogeochemistry, in that the vertical distributions of both metals are strongly influenced by biological uptake, recycling, scavenging and remineralization . Vertical concentration profiles of dissolved Co and Fe can be considered to reflect a hybrid of 'nutrient-type' and 'scavenged-type' behavior [Noble et al., 2008; Boyd and Ellwood, 2010] . Furthermore, dissolved Co and Fe share similar chemical speciation in seawater: both are present in the +3 oxidation state under oxic conditions, and both are strongly complexed by organic ligands. For example, Ellwood and van den Berg [2001] found that when Co-binding ligands were present in excess of total dissolved cobalt (dCo), all of the dCo was organically bound. Similarly, >99% of the total dissolved iron (dFe) in seawater has been shown to be complexed by organic ligands [Gledhill and van den Berg, 1994; van den Berg, 1995; Rue and Bruland, 1997] .
[5] Dissolved Co concentrations in open ocean surface waters are extremely low ($4-120 pM [e.g., Knauer et al., 1982; Martin et al., 1987; Saito et al., 2004] ), with remote ocean regions tending toward the lower end of this range. In the Sargasso Sea, for instance, dCo concentrations < 20 pM are reported [Jickells and Burton, 1988; . In the upper water column (at 42-44 m) at the Bermuda Atlantic Time series Study station (BATS, 31 N, 64 W), reported a significant depletion in dCo (annual mean 20 AE 10 pM) relative to concentrations below the euphotic zone ($30-40 pM). These workers observed no clear relationship between the summer maximum in aeolian dust deposition and surface dCo concentrations. In contrast, dFe shows clear evidence of significant aeolian input to the Sargasso Sea surface waters [Wu and Boyle, 2002; Sedwick et al., 2005] . However, at a more northerly station in the North Atlantic Ocean ($40 N, 23 W), Ellwood and van den Berg [2001] have reported elevated dCo concentrations in the surface mixed layer (34 AE 3 pM at <40 m) relative to deeper waters in the photic zone (25 AE 4 pM at 65-165 m depth). This surface enrichment suggests a surface input, such as aerosol deposition, and/or variation in the rate of removal of dCo as a function of depth.
[6] Located in the western North Atlantic subtropical gyre, the Sargasso Sea is well situated for studying the impact of atmospheric deposition on the distribution of trace metals in the surface ocean, owing to the atmospheric and oceanographic time series observations that have been collected in the region over several decades. The atmospheric observations have shown that aerosols over Bermuda and the surrounding ocean region are typically dominated by air masses carrying North African mineral aerosols ('Saharan dust') during summer and early fall, whereas aerosols carried from North America, Asia and Europe are more abundant during the late fall through spring [e.g., Duce and Hoffman, 1976; Chen and Duce, 1983; Arimoto et al., 1995 Arimoto et al., , 2003 Moody et al., 1995; Huang et al., 1999; Smirnov et al., 2002] . Recent work by Sedwick et al. [2007] and Sholkovitz et al. [2009] in the Bermuda region suggests that aerosols associated with North American air masses contain a greater proportion of anthropogenic combustion products, as well as Fe that is more water soluble relative to that delivered in Saharan dust.
[7] Mineral aerosols (dust) are thought to provide a major source of dFe to open ocean surface waters [Duce and Tindale, 1991; Jickells et al., 2005] , although the importance of aeolian deposition as a source of dCo to open ocean surface waters remains uncertain. If aerosol deposition does provide a significant source of Co to ocean surface waters, then differences in the fractional solubility of Co in aerosols of different composition/provenance [Sedwick et al., 2007] and/or degree of atmospheric processing may be an important issue [Mackie et al., 2005 [Mackie et al., , 2006 . Here we attempt to gain insight into the sources and biogeochemical cycling of dissolved Co in the surface ocean, by examining trace metal data obtained for water column samples, underway surface water samples and aerosol samples collected along a meridional transect of the Sargasso Sea to the south of Bermuda in June 2008.
Sampling and Analysis

Study Area
[8] Samples were collected aboard the RV Atlantic Explorer during the FeAST-6 cruise, which included a meridional transect of the Sargasso Sea from the BATS region near 31 N south to $24 N, over the period 5-18 June 2008. In terms of the flux and source of aerosols to the Sargasso Sea, June is a transitional month characterized by large variations in aerosol Fe loading and aerosol provenance (Saharan versus non-Saharan) [Sholkovitz et al., 2009] . Later in the summer (July-September), Saharan dust typically dominates the mineral aerosol, with dust loadings generally higher than in preceding months [Arimoto et al., 1995; Huang et al., 1999; Gao et al., 2001; Sholkovitz et al., 2009] . The FeAST-6 cruise track ( Figure 1a ) was chosen to sample surface waters along a north-to-south gradient of increasing aerosol deposition [Jickells et al., 2005] , and to include water column sampling stations that were located both within and between mesoscale eddies, which were identified using sea level altimetry (Figure 1b) . Information on the location and mesoscale circulation associated with each water column station sampled during the cruise is provided in Table 1 .
Seawater Sample Collection and Treatment 2.2.1. Water Column Samples
[9] Water column samples were collected for trace metal analysis from five stations (K1-K5) along the north-south transect ( Figure 1 and Table 1 ). Samples were collected in modified 5 L Teflon-lined external closure Niskin-X samplers (General Oceanics Inc.) deployed on a Kevlar line [Sedwick et al., 2005] . The surface seawater (0-1 m depth) samples for the water column profiles were collected in 1 L widemouth low density polyethylene bottles (LDPE, Nalgene) mounted on the end of a $5 m bamboo pole, which was extended from the ship's stern for sample collection while backing slowly into the wind. Upon recovery, seawater samples were filtered inside a shipboard Class-100 clean container laboratory, through a 0.4 mm pore Supor Acropak filter capsule (Pall Corp.) that was pre-rinsed with $5 L of ultrapure deioinized water (>18 MW cm, Barnstead Nanopure) followed by several hundred mL of each sample (Niskin-X samples), or through 0.4 mm pore Poretics polycarbonate membrane filters (surface sample only) mounted in a Savillex Teflon PFA filtering assembly [Sedwick et al., 2005] . The filtered seawater samples were acidified to 0.024 M with ultrapure HCl (SpA Romil for Al and Co analysis; Seastar Baseline for Fe analysis) prior to analysis, and stored in rigorously acid-cleaned Nalgene LDPE bottles [Sedwick et al., 2005; Shelley et al., 2010] .
Underway Surface Samples
[10] To investigate lateral variations in the surface concentrations of dissolved Co, Fe and Al, near-surface seawater samples were collected during four transects between the five water column sampling stations. Seawater was pumped from $5 m depth directly into a shipboard Class-100 'clean bubble' using a trace-metal clean towfish sampler [Bruland et al., 2005] . During these transects, water samples were collected every hour, thereby providing near-surface water samples at spacings of $12 km. The underway seawater samples were filtered in-line through a 0.4 mm pore Supor Acropak filter capsule (Pall Corp.), then acidified to $0.024 M with ultrapure HCl and stored in LDPE bottles, as described for the water column samples.
Determination of Trace Metals in Seawater Samples
[11] Both dCo and dFe were determined by flow injection analysis with in-line preconcentration. For the determination of dCo, the flow injection manifold was coupled with a photomultiplier tube and dCo was determined in UV-irradiated samples by means of chemiluminescence, as described by Shelley et al. [2010] . Dissolved Fe was determined by flow injection analysis with spectrophotometric detection modified from the method of Measures et al. [1995] , as described by Sedwick et al. [2008] . Dissolved Al was determined by flow injection analysis using micelle-enhanced fluorimetric detection using Brij-35 as the surfactant instead of Triton-X 100 [Resing and Measures, 1994; Brown and Bruland, 2008] .
[12] Accuracy of the analytical methods used for the determination of dCo, dFe and dAl was assessed by analysis of reference seawater samples from the SAFe and GEOTRACES programs (all concentrations reported are AE1 sd). For dCo, the method used in this study yielded 40.9 AE 2.6 pM (n = 12) for SAFe reference seawater D2, compared with the consensus value of 45.4 AE 3.8 pM and, 73 AE 3 pM (n = 3) for the GEOTRACES reference sample GD, compared with the consensus value of 65 AE 8 pM. For dFe, the method used in this study yielded 0.11 AE 0.01 nM (n = 15) and 0.97 AE 0.06 nM (n = 14) for SAFe reference seawater S1 and D2, compared with consensus values of 0.090 AE 0.007 nM and 0.90 AE 0.02 nM respectively. For dAl, the method used in this study yielded 28.8 AE 2.7 nM (n = 14) and 17.3 AE 2.5 nM (n = 14) for GEOTRACES reference seawater GS and GD, compared with consensus values of 27.5 AE 0.2 nM and 17.7 AE 1 nM respectively (consensus values for the SAFe and GEOTRACES seawater are listed at http://www.geotraces.org/news/news/1-news-/329-updatedconsensus-values-for-the-safe-and-north-atlantic-geotracesreference-seawater-samples.
Aerosol Sample Collection and Treatment
[13] Aerosol samples were collected at sea during the FeAST-6 cruise using low volume pumps (airflow rate $2 m 3 h À1 ) to pull air through acid-cleaned 47 mm diameter filter membranes mounted in downward-facing filter heads fitted with polyethylene rain shields [Véron and Church, 1997; Sedwick et al., 2007] . The filter heads were positioned on a 7 m high sampling tower erected forward of the ship's bridge. Samples were collected while the ship was slowly underway heading into the wind, over periods of $6-12 h. Two filter types were deployed in parallel: Millipore HA filters (0.45 mm nominal cutoff size) for the analysis of bulk aerosol composition, and Poretics polycarbonate membranes (0.4 mm pore size) for aerosol leaching experiments (see below).
Processing and Analysis of Aerosol Samples
[14] For determinations of bulk aerosol composition, the aerosol-laden Millipore HA filter halves were treated with a 1:3 (v/v) mixture of 48% (w/w) hydrofluoric acid solution and 70% (w/w) nitric acid solution at 80 C for one day in the laboratory at UDE. Any filter residue was removed following dissolution of the aerosol particles, then the solution was heated to dryness. The digestion residue was re-dissolved in 1 N nitric acid. Total Co, Fe and Al were determined by inductively coupled plasma mass spectrometry (ICP-MS; Finnegan Element2). It is assumed that the Co, Fe and Al measured in the aerosol digest solutions account for both the labile and refractory fractions of these elements in the bulk aerosol, thus allowing calculation of 'total aerosol' concentrations in units of pmol m À3 air (for total Co) or nmol m À3 air (for total Fe and total Al), using the total volume of air that passed through each aerosol filter sample.
[15] The percent fractional solubility of aerosol Co and Fe (%Co S or %Fe S ) was estimated using a modification of the flow-through deionized water leaching protocol of Buck et al. [2006] . In this study, 250 mL of ultrapure deionized water (>18 MW cm resistivity, pH $ 5.5, Barnstead Nanopure) was rapidly passed through an aerosol-laden polycarbonate filter membrane held in a Savillex Teflon PFA filtering assembly [Sedwick et al., 2007] . The aerosol leaches were conducted under a Class-100 laminar flow hood within 6 h of sample collection. The filtrate (leachate) was immediately transferred into a 125 mL LDPE bottle and acidified to $0.024 M with Seastar Baseline ultrapure hydrochloric acid. Dissolved Co and Fe were subsequently determined in the leachate solutions by ICP-MS and by flow injection analysis, respectively, as described by Sholkovitz et al. [2009] . Blank solutions (0.0051 mg L À1 dCo) were prepared by passing 250 mL of deionized water over clean polycarbonate filter membranes that had been mounted on the shipboard sampling tower without running the pumps. Fractional solubility is operationally defined as the aerosol concentration of soluble aerosol Co or Fe as calculated from dCo and dFe concentrations in the leachate solutions, expressed as a percentage of the total aerosol concentration of Co or Fe as calculated from analysis of the filter digest solutions [Sedwick et al., 2007] .
Air Mass Back Trajectories
[16] Seven day air mass back trajectories were simulated for each sampling location using the NOAA Air Resources Laboratory [Prospero and Carlson, 1972; Prospero et al., 1981] , whereas the 200 m arrival height was chosen to represent aerosols carried within the marine boundary layer.
Enumeration of Phytoplankton Groups
[17] Three groups of picophytoplankton were enumerated using a FACSort flow cytometer (Becton Dickinson, Oxford, U.K.). For the flow cytometry analyses, 1.8 mL whole seawater samples were fixed with 1% paraformaldehyde and incubated at 4 C for 24 h before freezing and storage at À80 C. Prochlorococcus, Synechococcus and picoeukaryote cells were identified and enumerated using group-specific side scatter, along with orange (585 AE 21 nm) and red (>650 nm) autofluorescence properties [Olson et al., 1993] . Multifluorescent beads (0.5 mm) were added to all samples at known concentrations to enable enumeration using syringe pumped flow cytometry [Zubkov and Burkill, 2006] .
Results and Discussion
Hydrographic and Biogeochemical Observations
[18] In the Sargasso Sea, the region between 25 N and 32 N represents a zone of transition between permanently stratified oligotrophic waters of the subtropical convergence zone in the south to seasonally stratified oligotrophic waters in the north [Steinberg et al., 2001] . In the BATS region near 31 N, convective mixing to depths of 150-300 m during late fall through early spring replenishes surface waters with macronutrients, which are subsequently depleted to nanomolar concentrations between April and October, when the surface mixed layer depth shoals to depths of less than 20 m [Steinberg et al., 2001] . Net surface flow in our study region is dominated by southwesterly geostrophic circulation, whereas westerly propagating mescoscale eddies tend to dominate surface ocean circulation over sub-seasonal timescales [Siegel et al., 1999; Steinberg et al., 2001; McGillicuddy et al., 2007] .
[19] Hydrographic data (temperature, salinity and in situ fluorescence) from the FeAST-6 water column sampling stations are shown in Figure 2 . The surface mixed layer depth (MLD) was $10 m along the entire transect, as is typical of this ocean region in summer. Dissolved nitrate and phosphate were depleted to concentrations of <50 nM to depths of $100-150 m at each of the water column sampling stations. In addition, a subsurface chlorophyll maximum was observed at a depth of $150 m along the cruise track ( Figure 2 ). Another notable feature observed at each station was a significant freshening in the surface mixed layer, indicating an excess of precipitation over evaporation in our study region during the months prior to the cruise. This interpretation is supported by rainfall data from the Tudor Hill atmospheric observatory and the Bermuda Weather Service, which reveal above-average precipitation during April and May 2008, immediately prior to the cruise.
Surface Transects
[20] Surface samples were collected along the cruise track to investigate lateral variability in dCo, dFe and dAl concentrations in surface waters of our study region. Figure 3 shows the surface distributions of dCo, dFe and dAl from $31 N to $24 N. All three trace metals displayed significant lateral variations in surface concentrations, both within and between the four underway transects (dCo = 18-63 pM, dFe = 0.3-1.6 nM, dAl = 14-42 nM). Surface dFe and dAl concentrations were lowest at the northern end of the transect (0.3-0.4 nM dFe and 14-27 nM dAl), and increased toward the south, reaching maximum concentrations of 1.2-1.6 nM dFe at 24-26 N, and 38-42 nM dAl at 26-27 N ( Figure 3 ). In contrast, surface dCo concentrations showed no clear latitudinal trend; concentrations ranged from 18 to 63 pM, with the majority of samples close to the mean dCo value of 42 pM.
[21] The measured range of surface dFe and dAl concentrations are in general agreement with values previously reported for surface waters in the Sargasso Sea [Measures et al., 1986; Jickells et al., 1994; Wu and Boyle, 2002; Sedwick et al., 2005] . In regions remote from mineral aerosol sources, surface dFe and dAl concentrations are typically less than $0.2 nM and $1 nM, respectively [Jickells et al., 1994; Johnson et al., 1997; Measures and Vink, 2000; Moore and Braucher, 2008] . The substantially higher surface dFe and dAl concentrations that we report are clearly indicative of dust deposition, given the significant correlation between surface dFe and dAl values (r 2 = 0.63, Figure 3) , and the general north-to-south concentration increase, which follows the expected latitudinal gradient in average dust deposition to the North Atlantic [Arimoto et al., 1995; Jickells et al., 2005] . The surface dAl concentrations (38-42 nM) that we measured are significantly higher than values reported for similar latitudes along the CLIVAR A16N section (12-24 nM), located to the east of our cruise track [Measures et al., 2008] . This observation is consistent with the suggestion that atmospheric circulation results in higher surface concentrations of dAl in the western versus eastern basin of the North Atlantic at these latitudes, despite the proximity of the eastern basin to the major soil dust sources in North Africa [Measures and Brown, 1996; Jickells et al., 2005; Measures et al., 2008] .
[22] In a larger study of the subtropical and tropical Atlantic Ocean, Bergquist and Boyle [2006] reported that the gradient in surface dFe concentrations reflected dust deposition trends, but was not proportional to the surface dAl gradient nor estimated aeolian input fluxes. Between the North and South Atlantic, dAl concentrations decreased by a factor of $5, whereas dFe concentrations decreased by only $2-fold [Bergquist and Boyle, 2006; Vink and Measures, 2001] . Bergquist and Boyle [2006] have suggested that this reflects the short residence time of dFe in the surface ocean, relative to dAl, as well as the generally low solubility of iron in seawater, which may limit the dissolution of aerosol iron. In addition, Sedwick et al. [2007] have proposed that latitudinal differences in the fractional solubility of aerosol iron may serve to decouple surface ocean dFe concentrations from total dust deposition, such that the impact of Saharan dust deposition is limited by the inherently low fractional solubility of iron in North African mineral aerosols.
[23] Interestingly, our data show that surface dFe and dAl concentrations both increase by a factor of $2-3 from north to south, which is approximately proportional to the corresponding latitudinal gradient in average dust deposition [Jickells et al., 2005] . Following the reasoning of Bergquist and Boyle [2006] , these observations may suggest that dissolved Fe and Al have similar residence times in surface waters of the Sargasso Sea, at least prior to the seasonal maximum in Saharan dust deposition during July and August [Huang et al., 1999; Arimoto et al., 2003] . Alternately, our observations may reflect the high fractional solubility of iron in aerosols that are deposited to the Sargasso Sea during spring and early summer [Sedwick et al., 2007; Sholkovitz et al., 2009] , compared with the aerosols that impact surface waters of the larger Atlantic region. Also noteworthy is the significant sub-mesoscale variability that we observed in surface dFe, dAl and, in particular, dCo concentrations, which may reflect the impact of surface circulation and/or small-scale lateral variability in atmospheric input (e.g., due to patchy wet deposition) or biological removal.
[24] With regard to surface dCo concentrations, the absence of a clear latitudinal increase may be interpreted to suggest that atmospheric deposition is not a major source of dCo to surface waters in the Sargasso Sea, at least not during the spring and early summer. Alternatively, the effective residence time of dCo may be short enough to obscure the relationship between dust deposition and surface ocean concentration. Data from the BATS region provide some support for the latter hypothesis, with estimated upper water column (<100 m depth) residence times of 117 days for dCo versus 214-291 days for dFe [Jickells, 1999] . Further, the fact that we observed a mean surface dCo concentration (42 pM) that is significantly higher than the annual average concentration for the upper water column in the BATS region (20 AE 10 pM) [Jickells and Burton, 1988; would seem to imply a significant aeolian input of dCo to our study region. In addition, we note that the fractional solubility of aerosol Co, which may vary with latitude, could conceivably decouple surface dCo concentrations from the magnitude of dust deposition to the ocean. We explore some of these possibilities in the following sections.
Fractional Solubility of Aerosol Cobalt and Iron
[25] To estimate the dry deposition of dCo to our study region during the cruise period, ship-board aerosol samples were collected between the water column stations. The total aerosol Co loading in the samples ranged from 5.4 to 11.0 pg Co m À3 . The total aerosol Co loadings can be used to estimate the dry deposition flux of total aerosol Co (total Co F dry ) using the following equation [Arimoto et al., 1985] :
where C a is the total aerosol Co loading and V d is the dry deposition velocity of the cobalt-bearing aerosol particles, for which we will assume a constant value of 0.01 m s À1 [Arimoto et al., 1985; Tian et al., 2008] . This yields estimates of air-sea dry deposition fluxes of 4.7-9.5 ng Co m À2 d À1 along our cruise track (Table 2a) .
[26] Our estimates of the fractional solubility of aerosol Co based on deionized water leaches suggest that most (75-100%) of the Co delivered to the surface ocean during the FeAST-6 cruise was readily 'soluble'. These values are substantially higher than corresponding estimates of the fractional solubility of aerosol Fe (5-45%) in the same samples. Although the solubility of Co in different types of dust has been examined in the laboratory [e.g., Thuróczy et al., 2010] , there has been little research on the fractional solubility of Co in marine aerosols. The estimates from this study (Tables 2a and 2b ) suggest a much greater fractional solubility for aerosol Co in our study region (75-100%) than for coal fly ash (0.78%) or Cape Verde loess (0.14%) reported by Thuróczy et al. [2010] . This suggests that aerosols sampled during our cruise may contain Co that is inherently more soluble than that in coal ash or soil dust, and/or that long range atmospheric processing may increase the solubility of aerosol Co in transit from its source regions.
[27] In this study the highest fractional solubility of Co ($100%) was associated with the lowest aerosol Fe loading (10 ng m
À3
). Aerosol iron solubility in the BATS region has been found to vary inversely as a function of the total Fe loading on the bulk aerosol, with differences in the relative solubility and total aerosol Fe loadings attributed to the origin and composition of the aerosol particles; specifically, low aerosol Fe loadings and relatively high aerosol Fe solubilities were associated with air masses carried from North America or Europe [Sedwick et al., 2007] . Our data from shipboard aerosol samples suggest that the aerosols collected during FeAST-6 contained a significant proportion of non-Saharan particles. Indeed, air mass back trajectory simulations indicate a predominantly North American origin for aerosols sampled during the cruise (Figure 4) .
[28] By multiplying our estimates of the dry deposition flux of total Co by our corresponding estimates of the fractional solubility of aerosol Co (%Co S ), the deposition flux of 'soluble' aerosol Co (soluble Co F dry ) can be estimated according to:
The calculated range of soluble Co F dry in Table 2a (47-155 pmol dCo m À2 d À1 ) suggests that between 0.4 and 1.4 pM of dCo could be supplied to the surface mixed layer over a six month period of stratification, assuming a mixed layer depth of $20 m. This estimated atmospheric input is low, relative to the observed surface concentrations of $20-60 pM, and is therefore unlikely to contribute to the lateral variability that we observed in surface dCo concentrations. However, considering that the similarly estimated dry deposition flux of Fe during our study period was low (1-4 mg Fe m À2 d À1 ) compared with the annual range estimated for Bermuda (0.1-10,000 mg m À2 d À1 ) [Sholkovitz et al., 2009] , our estimate of the mean dry deposition of soluble Co during the FeAST-6 cruise (0.006 mg m À2 d À1 ) is likely to represent a very conservative lower limit for this flux to the Sargasso Sea during the summer months. A similar calculation of the dry deposition of soluble Fe during our cruise (Table 2b ) yields an estimated accumulation of 0.2-0.7 nM dFe in a 20-m surface mixed layer over six months.
[29] Here it is informative to compare our atmospheric deposition estimates with results from the FeATMISS-1 cruise, which took place in the Sargasso Sea from July 22-August 6, 2003, during the peak of the Sarahan dust season [Sedwick et al., 2005 [Sedwick et al., , 2007 . The estimated mean dry deposition of Fe during the FeATMISS-1 cruise (1040 mg Fe m À2 d À1 ; Table 3b ) is more than two orders of magnitude greater than the flux estimated during our FeAST-6 cruise. Similarly, the total aerosol loadings of Co during the FeATMISS-1 cruise yield estimates of 0.35-0.89 mg m À2 d
À1
for the total dry deposition flux of Co (Table 3a ; E. R. Sholkovitz, unpublished data, 2010) . Interestingly, the estimated fractional solubility of Co in the FeATMISS-1 aerosols ranges from 8 to 10%, suggesting an inverse relationship between the fractional solubility of aerosol Co and total aerosol loading, as has been reported for aerosol Fe, V, Ni and Cu [Sedwick et al., 2007; Sholkovitz et al., 2009 Sholkovitz et al., , 2010 . These fractional solubility values yield estimates of the dry deposition of 'soluble' Co in the range of 590-1540 pmol dCo m À2 d À1 (Table 3a ; E. R. Sholkovitz, unpublished data, 2010) . These values are an order of magnitude greater than the corresponding flux estimates from our FeAST-6 cruise, and could increase the dCo concentration in a 20-m mixed layer by as much as 5-14 pM over a period of six months, thus accounting for a significant fraction of the surface dCo inventory.
[30] The $10-fold difference between estimates of the atmospheric deposition of 'soluble' Co from the FeAST-6 and FeATMISS-1 cruises implies a significant temporal variability in the aeolian input of dissolved Co to the Sargasso Sea, such that 'snapshots' of atmospheric deposition based on aerosols sampled during short research cruises are unlikely to provide robust estimates of seasonal-scale atmospheric inputs. Indeed, it is unclear whether the soluble Co deposition estimates from the FeAST-6 and FeATMISS-1 cruises reflect seasonal differences in atmospheric inputs during the early summer and late summer, respectively, or stochastic variations in atmospheric deposition. The latter possibility merits some consideration, given the significant lateral variations in surface dCo concentrations observed along our cruise track (Figure 3a) . In this regard, time series data from aerosol samples collected at island sites may provide useful information, as is implied by the excellent agreement between aerosol iron loadings based on aerosol samples collected on Bermuda and at the Bermuda Testbed Mooring [Sholkovitz and Sedwick, 2006] .
[31] An additional and potentially important atmospheric input of cobalt to surface waters in our study region is via wet deposition. Due to the relatively low pH of rainwater, and the strong pH dependence of transition metal solubility [Stumm and Morgan, 1996] , wet deposition may constitute a major source of trace metals to the open ocean [Helmers and Schrems, 1995; Jickells, 1999; Baker et al., 2007] . The estimates of atmospheric Co deposition that are discussed above do not include wet deposition, since no significant rain events were sampled during the FeAST-6 cruise. However, there had clearly been substantial rainfall in the months prior to the cruise, as discussed in section 3.1. For Fe, wet deposition is thought to account for <30% of the total atmospheric deposition flux to Bermuda [Tian et al., 2008; T. M. Church, unpublished data, 2010] . In contrast, limited data from the analysis of aerosols and rainwater collected on Bermuda suggests that the atmospheric deposition of Co may be dominated (>80%) by wet deposition (T. M. Church, unpublished data, 2010). Assuming a similar proportion of wet deposition of soluble Co to our study region (i.e., 80% wet, 20% dry) yields a wet deposition flux of 190-620 pmol dCo m À2 d À1 , based on the dCo dry deposition flux estimated from the FeAST-6 aerosol samples. This The FeAST-6 cruise was characterized by low dust loadings. Note that the calculated fractional solubility for one sample (calculated at 115%) has been corrected to the maximum possible value of 100%; this is likely to be an analytical artifact reflecting the very low concentrations of Co (5-15 pg Co m À3 air) in the bulk aerosol (c.f. 10-28 ng Fe m À3 air). translates to a rainwater input of 1.6-5.6 pM dCo to a 20-m thick mixed layer over six months, and thus a small but potentially significant fraction of the surface dCo inventory. Moreover, the inherently patchy, episodic nature of rain events may explain some of the lateral variability that is seen in surface dCo concentrations (Figure 3a) .
Factors Influencing the Distribution of Cobalt in the Water Column
[32] A comparison of the vertical distributions of dCo, dFe and dAl (Figures 5 and 6 ) reveal clear meridional trends for all three metals, as well as some inter-station differences that appear to reflect the influence of mesoscale eddies. In examining these data, it is important to consider that our north-to-south cruise transect (from K1 through K5) traverses significant gradients in both physical structure and aeolian deposition. At the northern end of the transect, near station BATS, the water column is seasonally mixed to several hundred meters depth, whereas the water column is permanently stratified at the southern end of the transect [Steinberg et al., 2001] . With regard to aeolian inputs, there is a several-fold increase in atmospheric dust loadings between the northern and southern ends of our cruise track, with a greater seasonality of dust deposition observed in the Bermuda region [Arimoto et al., 2003; Jickells et al., 2005] . The latter point is important with regard to this data set, in that our water column sampling took place in early June, prior to the seasonal maximum in dust loading toward the northern end of the cruise transect.
[33] The influence of atmospheric deposition is most clearly displayed in the vertical distribution of dissolved aluminum, which is thought to have a strong aeolian source, limited biological involvement, and a long residence time relative to dissolved Fe and Co in the ocean [Measures et al., 1986; Orians and Bruland, 1986; Jickells, 1999; Measures and Vink, 2000; . This and the 'scavenged-type' behavior of dAl in the oceanic water column [Measures et al., 1986] are clearly evident in the vertical concentration profiles from the FeAST-6 cruise (Figures 5a  and 6a) , with surface enrichment that increased from north to south (12-35 nM), and a general decrease in sub-surface waters to minimum concentrations at the greatest sampling depth of 1000 m (0.4-8 nM). Such scavenged-type profiles are characteristic of dAl in both the North Atlantic and North Pacific, although sea surface concentrations are 8-40 times lower in the Pacific, which is thought to reflect the lower dust inputs to that oceanic region [Orians and Bruland, 1986] .
[34] Similar vertical distributions were observed for dFe, which also has a strong aeolian source, and is thought to be scavenged from the water column, with an apparently shorter residence time than dAl [Johnson et al., 1997; Jickells, 1999; Bergquist and Boyle, 2006; Boyd and Ellwood, 2010] . The water column dFe profiles (Figures 5b and 6b) all show a surface enrichment that generally increased from north to south ($0.4-1.3 nM), as observed for the surface transect samples, as well as sub-surface minima ($0.2-0.4 nM) at depths that range from $150 m (K1) to $500 m (K2 and K4). However, the distribution of dFe differs from that of dAl in two respects. The first is the 'nutrient-type' behavior of dFe [Johnson et al., 1997; Jickells, 1999; Boyd and Ellwood, 2010] , which is reflected in the secondary concentration maxima in our deepest samples (1000 m), and the sub-surface dFe minimum coincident with the deep fluorescence maximum at station K1, as previously described for the subtropical North Atlantic [Sedwick et al., 2005; Measures et al., 2008] . Second, the meridional dFe section (Figure 6b ) reveals the greatest surface dFe enrichments at stations K2 and K4, which were both located in anticyclonic eddies. We hypothesize that these surface maxima are the indirect result of nutrient deficiency within these eddies, due to depression of the pycnocline and nutricline (Figures 6 and 7) , which inhibits biological production and the associated removal of aeolian dFe from the water column [Sedwick et al., 2005] . Conversely, the upwelling of nutrients within the cyclonic eddy at station K1 may have enhanced biological production [McGillicuddy et al., 2007] , thus contributing to the depletion of dFe within the euphotic zone.
[35] Previous studies in the subtropical North Atlantic and Pacific suggest that dCo follows a hybrid of nutrient-and scavenged-type behavior in the upper water column. [Moffett and Ho, 1996; Noble et al., 2008] . Our water column and surface water dCo data are generally consistent with these observations, with the vertical profiles ( Figure 5c ) and interpolated vertical section (Figure 6c ) of dCo revealing a nutrient-like distribution similar to those of dissolved nitrate and phosphate (Figure 7) . The water column profiles (Figure 5c ) show dCo minima of $20-30 pM located at a similar depth to the sub-surface chlorophyll maximum (see section 3.5, below), below which dCo concentrations increase to maximum concentrations of $50-70 nM at our deepest sampling depth of 1000 m. The water column dCo profiles show surface concentrations that were slightly elevated relative to the sub-surface euphotic zone (Figure 5c ). Moreover, the dCo sectional plot (Figure 6c ) reveals an increase of $10 pM in surface dCo concentrations from north to south, with the exception of the anticylonic eddy that was sampled at station K4.
[36] This subtle meridional gradient in surface dCo concentration, which is not readily discerned in our near-surface underway samples (Figure 3) , is roughly consistent with our estimates of aeolian dCo input that are discussed in section 3.4. This then suggests that dust deposition may constitute a significant source of dCo to surface waters in the Sargasso Sea, particularly during the late summer, when aerosol Co loadings are likely to be higher than the period during and prior to the FeAST-6 cruise in early June. The water column profiles from station K5 provide support for this idea, in that the dCo concentrations within the surface mixed layer ($40 pM) are similar to those near the base of the seasonal thermocline (Figures 2 and 5) . A particularly striking feature of the water column dCo data is the pronounced concentration minimum centered at $100 m depth at station K4. Given its association with strong surface nutrient depletion mediated by an anticyclonic eddy, this feature would appear to provide evidence of the primarily nutrient-like behavior of dCo, suggesting that limited vertical resupply within this eddy has resulted in extreme biological drawdown of this essential micronutrient [e.g., see Moffett and Ho, 1996] , likely a result of increased scavenging due to recently deposited dust particles and/or enhanced biological productivity due to the higher dFe concentrations within the lower euphotic zone at station K4 relative to the other stations.
[37] Finally, we note that the chemical speciation of dCo may play a role in maintaining low dCo concentrations in the surface mixed layer, relative to dFe. The concentrations of dCo and dFe are both subject to thermodynamic solubility limits, which are effectively increased when a proportion of the dissolved metal pool is complexed by organic ligands [Liu and Millero, 1999; Saito and Moffett, 2001] . In surface waters of the Sargasso Sea, iron-binding ligands appear to exceed dFe concentrations [Cullen et al., 2006; J. T. Cullen, unpublished data, 2008] , thus maintaining dFe concentrations in excess of the thermodynamic solubility of Fe(III). Saito and Moffett [2001] observed similar dCo and cobaltbinding ligand abundance in this region. Therefore, there may be a limited capacity for the addition of dCo from sources such as dust and rain, despite the relatively large fraction of 'soluble' cobalt in aerosols (section 3.3). This may go some way toward explaining the clear signature of atmospheric deposition in the distribution of dFe in our study region, even though our aerosol leaches suggest a greater fractional solubility for aerosol Co versus aerosol Fe. Furthermore, if cobalt-binding ligands are biologically produced, then lateral variations in microbial biomass or community composition might be expected to modulate the distribution of cobalt-binding ligands, and thus dCo.
Phytoplankton Ecology
[38] Consistent with previous observations that suggest removal of dCo in the euphotic zone of the Sargasso Sea is dominated by biological uptake [Moffett and Ho, 1996; , we observed minimum dCo concentrations (16-28 pM) at depths near 75 m, coinciding with the maximum abundance of Prochlorococcus (mean = 3.1 Â 10 6 cells mL À1 ; see Figure 8 ). Below this depth, dCo concentrations increased, with profiles following a nutrientlike distribution (Figure 5c ), as discussed in the previous section. In contrast, minimum dFe concentrations were observed near the base of, or deeper than, the euphotic zone. This most likely reflects biological Fe uptake within the sub-surface chlorophyll maximum, [Sedwick et al., 2005; Measures et al., 2008] , which coincided with the greatest abundance of picoeukaryotes (average 570 cells mL À1 ), as well as removal via particle scavenging below the euphotic zone.
[39] Our data hint at a possible decoupling in the biological removal of dCo and dFe from the euphotic zone. Specifically, for depths < 150 m, we observed an inverse relationship between picoeukaryotic phytoplankton abundance and dFe concentration, and between Prochlorococcus abundance and dCo concentration (with the exception of station K1, near BATS). Interestingly, these observations imply that Prochlorococcus may play an important role in removing dCo from the euphotic zone, and, conversely, that low concentrations of dCo might regulate the growth rate and biomass of Prochlorococcus in the Sargasso Sea. Prochlorococcus has an absolute cellular requirement for cobalt; given a standing stock of 10 5 cells mL À1 of Prochlorococcus growing at 0.4 d À1 in the Sargasso Sea [Mann and Chisholm, 2000] , have estimated that 0.3 pM L À1 d À1 of dCo would be incorporated into new cells, which, over a seasonal timescale, may represent a large fraction of the dCo inventory of the euphotic zone. This then suggests that Prochlorococcus could be a major sink for dCo in surface waters of the Sargasso Sea.
[40] In this regard, we note that data from the subtropical North Pacific have been used to argue that cobalt associated with sinking biogenic particles may be rapidly remineralized, and thus recycled by autotrophs in the euphotic zone [Noble et al., 2008] . Certainly, such recycling of cobalt is consistent with the vertical distribution of dCo compared with dFe ( Figure 6 ), which suggest the greater importance of particle scavenging as a sink for dFe below the euphotic zone. Such recycling would provide a mechanism to resupply dCo to the euphotic zone during summer in the absence of a strong atmospheric source of Co (in contrast to Fe).
Conclusions
[41] Overall, our data set demonstrates that dCo exhibits primarily nutrient-like behavior in surface waters of the Sargasso Sea, in accord with results of previous studies. Analyses of aerosol samples indicate a high fractional solubility of aerosol Co (8-100%), relative to Fe (0.44-45%), although the total aerosol loadings suggest that the atmospheric input of dCo to surface waters is modest, even allowing for a potentially large fraction in wet deposition. This conclusion is consistent with our water column data, which appear to show the impact of atmospheric deposition to our most southerly sampling locations, where dust loadings are likely to be higher. This further implies that atmospheric deposition might account for a significant input of dCo to the surface ocean during late summer, when the Sargasso Sea receives its greatest inputs of Saharan dust. However, further seasonal-scale sampling is required to assess the relative importance of atmospheric deposition versus vertical resupply for dCo in the Sargasso Sea. Finally, ancillary biological observations suggest that Prochlorococcus could play a major role in removing dCo from the euphotic zone, and that dCo availability might regulate primary production by Prochlorococcus in the Sargasso Sea.
